Listeria monocytogenes is a food-borne bacterial pathogen that causes systemic infection by traversing the intestinal mucosa. Although MyD88-mediated signals are essential for defense against systemic L. monocytogenes infection, the role of Toll-like receptor and MyD88 signaling in intestinal immunity against this pathogen has not been defi ned. We show that clearance of L. monocytogenes from the lumen of the distal small intestine is impaired in MyD88 − / − mice. The distal ileum of wild-type (wt) mice expresses high levels of RegIII ␥ , which is a bactericidal lectin that is secreted into the bowel lumen, whereas RegIII ␥ expression in MyD88 − / − mice is nearly undetectable. In vivo depletion of RegIII ␥ from the small intestine of wt mice diminishes killing of luminal L. monocytogenes , whereas reconstitution of MyD88-defi cient mice with recombinant RegIII ␥ enhances intestinal bacterial clearance. Experiments with bone marrow chimeric mice reveal that MyD88-mediated signals in nonhematopoietic cells induce RegIII ␥ expression in the small intestine, thereby enhancing bacterial killing. Our fi ndings support a model of MyD88-mediated epithelial conditioning that protects the intestinal mucosa against bacterial invasion by inducing RegIII ␥ .
L. monocytogenes is a Gram-positive bacterium that causes sepsis and meningoencephalitis in immunocompromised adults and life-threatening maternal/fetal infections during pregnancy. In humans, systemic infection results from ingestion of L. monocytogenes -contaminated foods and requires bacterial invasion of the intestinal mucosa and dissemination to deep tissues ( 1, 2 ) . On its surface, L. monocytogenes expresses internalin A, which is a protein that associates with E-cadherin and promotes bacterial uptake by epithelial cells, particularly on the tips of intestinal villi ( 3, 4 ) . Once internalized, L. monocytogenes expresses listeriolysin O (LLO) to escape the vacuole and actin assembly-inducing protein ActA to move within the host cell cytoplasm ( 5, 6 ) . Within the mammalian host, successful innate immune defense against systemic L. monocytogenes infection requires Toll-like receptor (TLR) -mediated signals ( 7 -10 ) . Mice lacking MyD88, which is an intracellular adaptor protein involved in most TLR-mediated signaling, have markedly increased susceptibility to intravenous L. monocytogenes infection, a defect that is partially attributable to defi cient TNF and iNOS production by recruited monocytes ( 9 ) . Although TNF, iNOS, and IFN-␥ each play an essential role in innate immune defense against L. monocytogenes infection, the precise mechanism of in vivo bacterial killing in spleen and liver remains unclear.
Although invasion of the intestinal mucosa is a critical step in the pathogenesis of mammalian L. monocytogenes infection, little is known about intestinal immune defenses against this pathogen. Oral infection of mice with high doses of L. monocytogenes results in systemic spread of bacteria to spleen and liver, with pathogen-specifi c T cell activation in central and mucosal lymphoid compartments ( 11, 12 ) . The effi ciency of mouse intestinal infection can be increased by transgenically expressing human signaling pathways inducing RegIII ␥ expression in the gut remain undefi ned.
We report on our studies of intestinal L. monocytogenes infection of wt and MyD88-defi cient mice. Although bacterial elimination from the stomach and proximal small intestine is rapid and similar in both mouse strains, clearance of L. monocytogenes is markedly impaired in the distal small intestine of MyD88-defi cient mice. Quantitative analysis of antimicrobial proteins in the gut of infected mice demonstrated markedly diminished expression of RegIII ␥ in the distal small intestine of MyD88-defi cient mice, correlating with increased numbers of viable L. monocytogenes . Antibody-mediated in vivo depletion of RegIII ␥ in wt mice resulted in diminished killing of L. monocytogenes in the lumen of the small intestine, implicating this antimicrobial lectin as a fi rst-line defense against Gram-positive intestinal pathogens. Our studies indicate that MyD88-mediated signaling in intestinal epithelial cells enhances resistance to L. monocytogenes infection by increasing secretion of RegIII ␥ into the intestinal lumen, thereby killing bacteria before they have a chance to invade the epithelium.
RESULTS

Early kinetics of oral L. monocytogenes infection in MyD88-defi cient and wt mice
To determine the role of MyD88-mediated signals in the setting of intestinal infection, we measured bacterial transit through the gastrointestinal tract after intragastric inoculation with live, virulent L. monocytogenes . The number of L. monocytogenes CFUs was measured in the stomach, small intestine, and colon at diff erent time points after infection. Transit of L. monocytogenes through the stomach and small intestine was rapid. As early as 2 h after inoculation, the majority of L. monocytogenes was detected in the colon. Bacterial transit through the stomach and small intestine was similar in MyD88-defi cient and wt mice, with roughly equal numbers of L. monocytogenes in the colon 2 h post-infection (p.i.; Fig. 1 ). Bacterial killing in the stomach, which results in a 99% reduction of CFUs, was similar in MyD88-defi cient and wt mice. 5 h after oral infection, however, cultures of the small intestinal lumen of MyD88-defi cient mice revealed 100-fold higher numbers of L. monocytogenes compared with wt mice ( Fig. 1 ) . Separate cultures of luminal and intestinal wall CFUs revealed, at this early time point, that all live bacteria remained in the lumen and had not entered the mucosa. Although these results suggest that MyD88-mediated signals do not alter the rate at which bacteria move through the intestinal tract (i.e., from the stomach to the colon), clearance of L. monocytogenes from the small intestine, but not the stomach or colon, is impaired in the absence of MyD88.
MyD88-defi cient mice are more susceptible to oral infection with L. monocytogenes To determine the longer-term impact of diminished early L. monocytogenes growth inhibition in the small intestine of MyD88-defi cient mice, we measured bacterial growth in the small intestinal wall and dissemination to the draining mesenteric E-cadherin in intestinal epithelial cells because the affi nity of bacterial internalin A is higher for human than for mouse E-cadherin ( 3 ) . A recent study demonstrated that L. monocytogenes induces a dramatic innate infl ammatory response in intestinal epithelial cells of germ-free, human E-cadherin transgenic mice ( 13 ) . Remarkably, the infl ammatory response was similar upon infection with internalin A -defi cient L. monocytogenes , indicating that innate immune activation results from an E-cadherinindependent mechanism of mucosal invasion. Whether innate immune activation in the intestinal mucosa enhances the clearance of L. monocytogenes from the gut is not known.
Although the importance of TLR-mediated signaling in innate immune defense has been demonstrated after a variety of systemic infections, the role of TLRs in defense against intestinal infections is less clear. TLR expression in the intestine is highly regulated and restricted, perhaps because excessive signaling in response to commensal bacteria could result in detrimental infl ammatory pathology in the gut ( 14 ) . MyD88 defi ciency increases susceptibility of mice to the intestinal toxicity of Dextran sulfate sodium, a defect attributed to impaired homeostasis of intestinal epithelial cells ( 15 ) . Several studies have implicated signaling by infl ammasome-associated cytosolic proteins in defense against intestinal bacterial infection. Mice defi cient for Nod1, for example, have increased susceptibility to Helicobacter pylori infection ( 16 ) , whereas mice lacking Nod2 have greater susceptibility to intestinal infection with L. monocytogenes ( 17 ) .
The mammalian intestine expresses an array of antimicrobial molecules that can mediate direct bacterial killing ( 18 ) . ␣ -Defensins, called cryptdins in mice, are well-characterized antimicrobial peptides that kill bacteria by membrane disruption ( 19 ) . Mice defi cient for matrilysin-7, which is a metalloprotease that activates cryptdins, have increased susceptibility to intestinal Salmonella typhimurium infection ( 20 ) . In the intestine, regulation of cryptdin expression remains largely undefi ned. Enteric cryptdins are constitutively secreted into intestinal crypts by Paneth cells, but secretion can also be induced by cholinergic agonists or microbial stimuli ( 19, 21 ) . Nod2-mediated signals after L. monocytogenes infection are postulated to limit bacterial dissemination by enhancing cryptdin expression in the small intestine ( 17 ) . TLR-mediated induction of defensins has also been shown in human epithelial cell lines ( 22, 23 ) .
Recently, RegIII ␥ , which is produced by intestinal Paneth cells, has been identifi ed as a protein with potent in vitro bactericidal activity ( 24 ) . In contrast to cryptdins, RegIII ␥ acts exclusively against Gram-positive bacteria and mediates bacterial killing by binding to surface-exposed carbohydrate moieties of peptidoglycan. Commensal bacteria, such as Gram-negative Bacteroides thetaiotaomicron , induce RegIII ␥ expression in the small bowel, whereas the Gram-positive probiotic bacterium Bifi dobacterium longum down-regulates RegIII ␥ expression ( 25 ) . Infection of germ-free mice with L. monocytogenes , on the other hand, induces RegIII ␥ expression, but whether this enhances in vivo bacterial clearance remains unclear ( 13 ) . Furthermore, the innate immune increases in proximity to the colon ( 26 ) . We therefore asked whether the increased number of L. monocytogenes in the small intestine of MyD88 Ϫ / Ϫ mice was general or focal. MyD88-defi cient and wt mice were orally infected with L. monocytogenes and, 24 h later, the small intestinal wall was divided into proximal and distal segments of equal length, and the number of L. monocytogenes was determined. The distal small intestine of MyD88-defi cient mice contained higher numbers of L. monocytogenes compared with wt mice ( Fig. 3 A ) . In contrast, CFUs in the proximal small intestine did not diff er between MyD88-defi cient and wt mice ( Fig. 3 A ) .
To examine diff erences in the ability of small intestine to inhibit bacterial growth, an in vitro system was devised in which proximal and distal intestinal segments from wt or MyD88-defi cient mice were cultured for 4 h with media containing 2,000 L. monocytogenes. After incubation, CFUs in the culture supernatant were determined. The number of bacteria obtained from cultures containing MyD88 Ϫ / Ϫ distal small intestine was greater than from cultures containing wt distal small intestine. In contrast, no diff erence in bacterial survival was seen in cultures supplemented with wt or MyD88-defi cient proximal small intestines ( Fig. 3 B ) . These results suggest that the distal small bowel of wt mice produces factors that restrict L. monocytogenes survival or replication, and that expression of this factor is reduced in MyD88-defi cient mice.
To investigate in vivo luminal killing of L. monocytogenes in the gut of wt and MyD88-defi cient mice, we used a ligated ileal loop model. A 3 -4-cm loop of distal ileum, immediately adjacent to the ileocecal valve, was ligated (without interrupting the blood supply) in anesthetized mice and injected with L. monocytogenes. At defi ned time points, the ileal loop was harvested, and the number of surviving bacteria in the lumen and intestinal wall was determined ( Fig. 3 C ) . As a fi rst step to analyze luminal killing in wt and MyD88-defi cient mice, IVIS imaging of bioluminescent L. monocytogenes was performed 30 min ( Fig. 3 D , top ) and 2 h ( Fig. 3 D , bottom) after injection of bacteria into ligated ileal loops. Whereas bioluminescent bacteria were detected in wt and MyD88 Ϫ / Ϫ loops 30 min after infection, by 2 h, luminescence in wt mice was markedly attenuated, although persisting in MyD88-defi cient lymph nodes (MLNs) at time points after infection. L. monocytogenes CFUs in the small intestinal mucosa were detected as early as 12 h after oral infection in MyD88-defi cient mice, whereas no bacteria were detected in the intestinal mucosa of wt mice ( Fig. 2 A ) . In contrast, CFUs in the colonic wall did not diff er between wt and MyD88-defi cient mice 12 h p.i. (Fig. S1 A, available at http://www.jem.org/cgi/content/ full/jem.20070563/DC1). However, at all time points tested, the small intestine in MyD88 Ϫ / Ϫ mice harbored 10 -100-fold greater numbers of L. monocytogenes than in wt mice ( Fig. 2 A ) . Draining MLNs in MyD88 Ϫ /Ϫ mice also contained ‫ف‬ 100-fold higher numbers of bacteria than wt mice 24, 48, and 72 h after oral infection with 10 9 L. monocytogenes ( Fig. 2 B ) . Similarly, differences were found in the spleen and liver of MyD88 Ϫ / Ϫ and wt mice 24, 48, and 72 h p.i. (Fig. S1 , B and C). Although increased numbers of L. monocytogenes at later time points might result from diminished recruitment or activation of infl ammatory cells in the bowel wall of MyD88 Ϫ /Ϫ mice, it is likely that diminished bacterial killing in the intestinal lumen of MyD88 Ϫ / Ϫ mice at early time points ( Fig. 1 ) contributes to the increased intestinal and MLN bacterial burden seen at later time points.
Clearance of L. monocytogenes is diminished in the distal small intestine of MyD88-defi cient mice
The small intestine extends from the distal stomach to the colon, and expression of bactericidal peptides and proteins is a signaling molecule downstream of Nod2, and in its absence Nod2 signaling is abrogated ( 28 ) . Killing of L. monocytogenes in ligated ileal loops of Rip2 Ϫ / Ϫ mice, however, was similar to that seen in wt mice ( Fig. 3 E ) , suggesting that the eff ects of MyD88-and Rip2-mediated innate immune signals provide protection against L. monocytogenes at distinct steps during the pathogenesis of intestinal infection. Along similar lines, TNF and IFN-␥ are essential for clearance of L. monocytogenes from spleen and liver after systemic infection, and mice lacking these cytokines are profoundly susceptible to L. monocytogenes infection ( 29 -32 ) . Remarkably, however, killing of L. monocytogenes in bowel loops of mice defi cient for both IFN-␥ and TNF was comparable to that seen in wt mice, indicating that these cytokines are not necessary for the induction of this intestinal microbicidal activity ( Fig. 3 E ) . These results indicate that impaired killing of L. monocytogenes in the intestinal lumen of MyD88-defi cient mice is not a mice ( Fig. 3 D ) . This result suggests that L. monocytogenes is killed more eff ectively in ileal loops of wt mice than in MyD88-defi cient mice. To more accurately assess the extent of bacterial killing, ileal loops of MyD88-defi cient or wt mice were injected with wt L. monocytogenes , and the percentage of surviving bacteria in luminal contents was determined 2 h later. Consistent with the bioluminescence data, ileal loops of MyD88-defi cient mice were less eff ective at killing bacteria than wt loops ( Fig. 3 E ) . Although 90% of the inoculated L. monocytogenes were killed in wt mice, only 55% were killed in MyD88-defi cient mice ( Fig. 3 E ) .
Recent studies have demonstrated that mice defi cient in Nod2, which is a cytosolic innate immune receptor that responds to peptidoglycan fragments of bacterial cell walls ( 27 ) , develop greater systemic infection after oral inoculation with L. monocytogenes ( 17 ) . This defect has been attributed to decreased intestinal expression of cryptdin 4 and 10 ( 17 ). Rip2 the distal small intestine of MyD88-defi cient mice ( Fig. 4 B ) . As described by Cash et al. ( 24 ) , we found increased RegIII ␥ protein expression in the distal small bowel of wt mice. RegIII ␥ protein expression, however, was profoundly diminished in uninfected MyD88-defi cient mice ( Fig. 4 C ) . To determine whether infection induces the expression of cryptdins or RegIII ␥ in the distal small intestine of wt or MyD88-defi cient mice, we orally infected mice with L. monocytogenes and measured mRNA expression levels 24 h later. We did not detect signifi cant induction of cryptdins, and only a slight induction of RegIII ␥ was measured 24 h after intestinal infection with L. monocytogenes ( Fig. 4 D ) . These experiments demonstrate that MyD88-mediated signals induce the expression of RegIII ␥ in the distal small intestine, providing a mechanism for the previous demonstrations that commensal bacteria are essential for mucosal expression of this protein ( 24, 25 ) .
Paneth cells in MyD88-defi cient mice do not express RegIII ␥ Paneth cells are a major source of RegIII ␥ in the small intestine. To determine whether Paneth cell development, morphology, or granule development is defective in MyD88-defi cient mice, we performed conventional histologic studies of the small intestines of wt and MyD88 − / − mice. ( Fig. 5 B ) . These results indicate that MyD88-mediated signals are not required for Paneth cell development or granule formation, but that induction of RegIII ␥ expression in Paneth cells is MyD88 dependent.
RegIII ␥ mediates in vivo killing of L. monocytogenes in the small intestinal lumen Because RegIII ␥ expression in the distal small intestine correlates with regional inhibition of L. monocytogenes , we postulated that its absence might account for impaired bacterial clearance in the small intestine of MyD88 Ϫ / Ϫ mice. To determine whether RegIII ␥ mediates killing of L. monocytogenes , we injected polyclonal antiserum against RegIII ␥ or preimmune serum into ligated ileal loops before injection of 1,000 L. monocytogenes , and the number of surviving bacteria was determined 2 h later. Polyclonal antiserum against RegIII ␥ has been used before, and its generation and specifi city is described by Cash et al. ( 24, 33 ) . Whereas ‫ف‬ 90% of the inoculated bacteria were killed in ileal loops of mice treated with preimmune serum, only 40% of bacteria were killed in mice that received the RegIII ␥ -specifi c antiserum ( Fig. 6 A ) . Similar results were obtained with higher L. monocytogenes inoculum and diff erent antibody concentrations (Fig. S2,  A ( Fig. 4 A ) . The bactericidal lectin RegIII ␥ was recently characterized as an antimicrobial molecule secreted by Paneth cells ( 24 ) . In contrast to cryptdin expression, RegIII ␥ mRNA levels were markedly decreased in strains defi cient for LLO, ActA, internalin A, internalin B, and internalin A/internalin B, respectively, were examined. The percentage of recovered L. monocytogenes was similar for all of these strains ( Table I ). This indicates that bacterial adhesion, invasion, phagosomal escape, and locomotion within the host cells are not required for RegIII ␥ -mediated killing of L. monocytogenes in the small intestinal lumen.
MyD88-mediated signaling in nonhematopoietic cells induces RegIII ␥ expression and luminal killing of L. monocytogenes
Several recent studies demonstrated that dendritic cells extend processes into the intestinal lumen and contact luminal bacteria ( 34, 35 ) . It is possible, therefore, that MyD88-mediated signals in intestinal dendritic cells are required for RegIII ␥ induction in epithelial cells. Alternatively, MyD88-mediated signals may directly stimulate RegIII ␥ production in intestinal epithelial cells. TLR signaling in epithelial cells infl uences the extent of dendritic cell sampling of intestinal contents ( 36 ) , thereby demonstrating that innate immune signaling in epithelial cells is active. To distinguish between direct or indirect mechanisms Luminal killing of L. monocytogenes in MyD88-defi cient mice was similar, regardless of treatment with RegIII ␥ antiserum ( Fig. 6 A ) . To determine whether anti-RegIII ␥ antiserum resulted in increased association of bacteria with intestinal tissues, we also quantifi ed the number of bacteria associated with the small intestinal wall. Only a small proportion ( ‫ف‬ 2%) of inoculated bacteria gained entry into the intestinal wall, and no diff erence in bacterial numbers was detected between the experimental groups (unpublished data).
Although these results suggest that defective production of RegIII ␥ in MyD88-defi cient mice results in diminished luminal killing of L. monocytogenes in the distal small intestine, it is possible that other MyD88-dependent factors account for this defect. To address this issue, we injected recombinant RegIII ␥ that was generated as described by Cash et al. ( 24, 33 ) into the lumen of MyD88-defi cient ligated ileal loops before inoculation with L. monocytogenes and measured the impact on bacterial survival. Fig. 6 B demonstrates that administration of RegIII ␥ markedly diminishes L. monocytogenes survival in the gut of MyD88-defi cient mice, indicating that RegIII ␥ is the major factor responsible for MyD88-mediated luminal killing of bacteria.
L. monocytogenes expresses cell surface and secreted proteins that enable attachment to host cells (internalin A and B mediate the binding to epithelial cells or hepatocytes, respectively), escape from the phagocytic vacuole (LLO), and locomotion in the cytosol (ActA) of the invaded cell ( 6 ) . To investigate whether these virulence factors are necessary for effi cient luminal killing in ligated ileal loops, L. monocytogenes Several models can be proposed for MyD88-mediated defense against L. monocytogenes infection in the small intestine. The simplest model is that L. monocytogenes invades the intestinal epithelium, in the process triggering TLRs in the gut mucosa and inducing synthesis and secretion of RegIII ␥ into the bowel lumen and subsequent microbial killing. We believe this model is unlikely for several reasons. First, we see high levels of RegIII ␥ associated with the bowel mucosa in uninfected wt mice ( Fig. 5 B and not depicted) , suggesting that commensal bacteria have induced a high level of expression before infection with L. monocytogenes . Second, induction of RegIII ␥ mRNA is minimal after intestinal infection with L. monocytogenes ( Fig. 4 D ) . Third, killing of attenuated L. monocytogenes strains that are incapable of invading the intestinal epithelium and wt bacteria is similar, indicating that bacterial invasion is not required for the MyD88-mediated enhancement of L. monocytogenes killing. An alternative model, therefore, is that MyD88-mediated signals, presumably triggered by commensal organisms, induce RegIII ␥ production in the distal small bowel, thereby conditioning the bowel and enhancing resistance to subsequent exposure to pathogenic bacteria. In support of this model, previous studies have demonstrated that commensal bacteria induce RegIII ␥ in the distal ileum, and germ-free mice have markedly reduced expression of RegIII ␥ ( 24 ) . Not all intestinal bacteria are equivalent at inducing RegIII ␥ , however. The Gram-negative bacterium B. thetaiotaomicron induces expression of RegIII ␥ in intestinal epithelial cells, whereas the Gram-positive bacterium B. longum suppresses RegIII ␥ expression ( 25 ) . These fi ndings suggest that resistance or susceptibility to enteric L. monocytogenes infection may be highly infl uenced by the composition of the commensal microbial fl ora.
of RegIII ␥ induction in intestinal epithelial cells, we generated BM chimeric mice in which donor and/or recipients were either wt (CD45.1) or MyD88-defi cient (CD45.2). Mice were studied 7 wk after transplantation and were found to be fully chimerized, as assessed by surface staining of BM and intestinal myeloid-derived cells with CD45.1-and CD45.2-specifi c antibodies (Table S1 and S2, available at http://www.jem.org/ cgi/content/full/jem.20070563/DC1). To determine the impact of MyD88-mediated signaling in hematopoietic or nonhematopoietic cells on RegIII ␥ protein levels, Western blot analysis of intestines from chimeric mice was performed. Chimeric mice lacking MyD88 in hematopoietic cells expressed RegIII ␥ levels similar to wt mice reconstituted with wt BM, demonstrating that MyD88-mediated signaling in hematopoietic cells does not induce RegIII ␥ production ( Fig. 7 A ) . In contrast, transplant recipients lacking epithelial MyD88 had markedly diminished RegIII ␥ levels, regardless of whether the BM donor was wt or MyD88 defi cient ( Fig. 7 A ) . These fi ndings indicate that RegIII ␥ expression is induced by direct MyD88-mediated signals in intestinal epithelial cells. To determine whether RegIII ␥ expression in BM chimeric mice infl uences luminal killing of L. monocytogenes , in vivo luminal killing assays were performed ( Fig. 7 B ) . Luminal killing of L. mono cytogenes correlated precisely with the level of RegIII ␥ expression in the chimeric mice, further supporting the importance of this bactericidal lectin for in vivo microbial killing, but also demonstrating that MyD88-mediated signals Tubulin was used as a loading control. Shown are representative extracts from each genotype. n ϭ 5 for wt → MyD88 and for MyD88 → wt; n ϭ 3 for wt → wt and for MyD88 → MyD88. (B) 1,000 L. monocytogenes were injected into ileal loops of different chimeric mice. After 2 h, bacterial growth in the luminal fl uid of the isolated section of the small intestine was determined; n ϭ 5 for wt → MyD88 and for MyD88→ wt; n ϭ 3 for wt → wt and for MyD88 → MyD88. Bacterial numbers are expressed as the percentage of recovered L. monocytogenes . **, P Ͻ 0.01. Error bars represent the SD.
Our studies demonstrate an important, previously undescribed role for MyD88-mediated innate immune signaling in defense against infection by an intestinal pathogen. Although innate immune responses are typically considered to be rapid, at times even immediate, in this case, innate immune activation by commensal organisms occurs preemptively, before exposure to the pathogen. Importantly, the preemptive induction of RegIII ␥ is not associated with overt evidence infl ammation, but rather refl ects a homeostatic, noninfl ammatory state mediated by commensal organisms. It is likely that MyD88-mediated expression of RegIII ␥ infl uences the composition of the commensal fl ora, with downstream implications for mucosal homeostasis and susceptibility to Gram-positive intestinal pathogens.
MATERIALS AND METHODS
Mice, bacteria, infection. MyD88 Ϫ / Ϫ and Rip2 Ϫ / Ϫ mice, which were backcrossed at least nine times onto the C57BL/6 background, were provided by S. Akira (Osaka University, Osaka, Japan) and R. Flavell (Yale University, New Haven, CT). TNF Ϫ / Ϫ /IFN-␥ Ϫ / Ϫ mice were generated at Memorial Sloan-Kettering Research Animal Resource Center by crossing TNF Ϫ / Ϫ mice with IFN-␥ Ϫ / Ϫ mice (The Jackson Laboratory). C57BL/6 and CD45 congenic C57BL/6 Ly5.1 mice (CD45.1) were purchased from The Jackson Laboratory. All mice were kept and bred at the Memorial Sloan-Kettering Research Animal Resource Center. For all experiments, mice were sex and age matched and maintained under specifi c pathogenfree conditions before infection. All animal procedures were approved and performed according to institutional guidelines for animal care. Mice were infected (via gavage) with 10 9 CFU of the streptomycin-resistant L. monocytogenes strain 10403s. 10403s, a wt L. monocytogenes strain and isogenic mutant strains, ActA-defi cient L. monocytogenes strain (DP-L1942), LLO-defi cient L. monocytogenes strain (DP-L2161), internalin A -defi cient L. monocytogenes strain (DP-L4405), internalin B -defi cient L. monocytogenes strain (DP-L4406), and internalin A/internalin B double-defi cient L. monocytogenes strain (DP-L4404) were provided by D. Portnoy (University of California, Berkeley, Berkeley, CA). For bioluminescence imaging, luminescent L. monocytogenes strain Xen 32 (Xenogen Corporation) was used. Bacterial counts within the various organs were determined by homogenizing the tissues in PBS containing 0.05% Triton X-100 and plating on brain -heart infusion plates containing 100 g/ml streptomycin and 50 g/ml nalidixic acid to inhibit the growth of endogenous bacterial fl ora. Within the small intestine and the colon, diff erential counts of L. monocytogenes present in the gastrointestinal lumen vs. wall were performed; the luminal contents were fl ushed out with 2 ϫ 5 ml of sterile PBS. L. monocytogenes colonies were identifi ed by appearance and confi rmed by Gram staining.
Generation of BM chimeric mice. Recipient wt (CD45.1) or MyD88-defi cient (CD45.2) mice were lethally irradiated with 950 rads using a 137 Cs source and injected intravenously 2 -3 h later with 5 ϫ 10 6 BM cells derived from the tibia and femurs of the respective donors. 7 wk after engrafting, reconstitution was assessed by FACS analysis of BM and small intestinal lamina propria. After red blood cell lysis, BM and lamina propria cells were stained with FITC-labeled CD45.1 antibody and PerCPCy5.5 -labeled CD45.2 antibody. Cell suspensions were analyzed on a BD LSR II (BD Biosciences).
Real-time PCR analysis. The small intestine was divided into four parts, a 1.5-cm segment was excised from the distal portion, and total RNA was isolated using the Trizol reagent (Invitrogen). DNase-treated RNA underwent randomly primed cDNA synthesis and real-time PCR analysis. SYBR Greenbased real-time PCR was performed using the DyNAmo SYBR Green qPCR kit (Finnzymes). Defcr-rs1-, Defcr5-, and RegIII ␥ -specifi c primers were obtained from QIAGEN, and Defcr4-and Defcr-rs10 -specifi c primers were purchased from SuperArray. Signals were normalized to GAPDH RNA MyD88-and RegIII ␥ -mediated killing of pathogenic microbes in the intestinal lumen is likely to have benefi cial consequences for the mammalian host. Indeed, clear correlations between the likelihood of systemic infection and the size of the bacterial inoculum have been demonstrated for most intestinal bacterial pathogens. Although it is conventional to think that microbes disseminating from the bowel transit through regional MLNs before entry into the blood stream, recent studies suggest that bacterial replication in the bowel lumen results in direct hematogenous spread of bacteria to spleen and liver ( 37 ) . A mechanism that kills bacteria in the gut lumen, thus, could be predicted to signifi cantly reduce the risk of bacterial dissemination. Although RegIII ␥ likely provides such a mechanism, it is not the only protective mechanism. For example, the probiotic bacterium Lactobacillus salivarius UCC118 expresses a bacteriocin that kills L. monocytogenes in the gut lumen, thereby limiting systemic infection ( 38 ) . Our fi nding that luminal clearance of L. monocytogenes was normal in mice lacking both TNF and IFN-␥ , two cytokines that individually play essential roles in systemic immunity to this pathogen and are positively regulated by MyD88-mediated signals, illustrates how distinct mucosal and systemic innate immune defenses can be.
Nod2-defi cient mice are more susceptible to intestinal L. monocytogenes infection, a phenotype that has been attributed to diminished cryptdin expression in the mouse intestine ( 17 ) . Our results demonstrating that Rip2-defi cient mice have normal clearance of L. monocytogenes from the lumen of the distal small intestine ( Fig. 3 E ) suggest that Nod2/Rip2-mediated antimicrobial activities are either temporally or anatomically distinct from those mediated by MyD88/RegIII ␥ . Further studies will be required to precisely defi ne the timing and localization of Nod2/Rip2-mediated inhibition of L. monocytogenes dissemination from the mouse intestine.
Several recent studies have demonstrated that intestinal dendritic cells can extend dendrites into the intestinal lumen and, in some circumstances, can also phagocytose bacteria and carry them to spleen and liver ( 34, 35 ) . Because dendritic cells express a broad array of innate immune receptors, it is plausible that MyD88-mediated signaling in BM-derived intestinal DCs might contribute to the induction of RegIII ␥ in the small intestine. Recent studies have also demonstrated a role for MyD88-mediated signaling in epithelial regeneration ( 15, 39, 40 ) after treatment with DSS. In this system, MyD88-mediated signals in macrophages underlying the epithelium ( 40 ) promote the repositioning of intestinal mesenchymal cells and their focal production of prostaglandin E2, which enhances the activity of colonic epithelial progenitor cells ( 41 ) . Our experiments with BM chimeras, however, demonstrated that RegIII ␥ induction in the small intestine is exclusively induced by MyD88-mediated signals in non -BMderived cells, presumably intestinal epithelial cells. It remains unclear, however, whether MyD88-mediated induction of RegIII ␥ occurs directly in Paneth cells, or whether innate immune signals initiated in intestinal epithelial cells near the lumen are transmitted to Paneth cells in intestinal crypts.
L. monocytogenes; n ϭ 4 each group. In Fig. S1 (B and C) , bacterial burden in spleens and livers of MyD88 ϩ/ϩ and MyD88 Ϫ / Ϫ mice was determined 24, 48, and 72 h after oral infection with 10 9 L. monocytogenes; n ϭ 5 -7 each group. Fig. S2 (A and B) demonstrates impaired luminal killing in MyD88 Ϫ / Ϫ mice using 10,000 (A) and 20,000 (B) L. monocytogenes. Blocking of RegIII ␥ in wt mice was performed using RegIII ␥ polyclonal antiserum in diff erent dilutions (1:10 for A and 1:4 for B). Table S1 and S2 show the degree of chimerism in BM chimeras as assessed by measuring CD45.1 and CD45.2 in BM cells (Table S1 ) and small intestinal lamina propria cells (Table S2 ).The online version of this article is available at http://www.jem .org/cgi/content/full/jem.20070563/DC1.
(forward, 5 Ј -ACCACAGTCCATGCCATCAC-3 Ј ; reverse, 5 Ј -TCCAC-CACCCTGTTGCTGTA-3 Ј ). Normalized data were used to quantitate relative levels of Decr-rs1-, Defcr4-, Defcr5-, Defcr-rs10-, and RegIII ␥ using ⌬ ⌬ Ct analysis.
Western blot analysis. Small intestines were divided into four pieces and samples were taken from the fi rst proximal part and from the fourth distal part and processed as described previously ( 24 ) . Protein samples were analyzed by reducing 4 -12% SDS-PAGE (Nupage Bis-Tris-Gel; Invitrogen) and detected with polyclonal RegIII ␥ antiserum generated as described previously ( 33 ) or preimmune serum. As loading control, tubulin was detected with a monoclonal anti-tubulin antibody (Santa Cruz Biotechnology), followed by a horseradish peroxidase -conjugated anti -mouse IgG2 antibody (Santa Cruz Biotechnology). Bound antibody was detected by enhanced chemiluminescence (GE Healthcare).
Immunohistochemistry and hematoxylin-eosin staining. Freshly isolated small intestine was divided into four parts. The fourth distal part was fi xed in formalin and embedded in paraffi n. Immunohistochemical staining for RegIII ␥ was performed using the Envision System (DakoCytomation) for rabbit primary antibodies according to the manufacturer ' s protocol. RegIII ␥ polyclonal antiserum was diluted 1:1,000 in PBS containing 1% BSA. Control slides were stained with preimmune serum or rabbit IgG instead of the primary antibody, and did not show any positive staining. Hematoxylin-eosin staining was performed using a standard protocol.
In vitro luminal killing. Small intestines were opened longitudinally, washed in PBS, and divided into fourths. Three 1.5-cm segments of the proximal (fi rst fourth) and three 1.5-cm segments of the distal (last fourth) small intestine were cultured separately in a 24-well fl at-bottom culture plate in RPMI 1640 medium containing 100 g/ml streptomycin, 10% FCS, and 2,000 L. monocytogenes . After 4 h, supernatant was plated on BHI plates containing 100 g/ml streptomycin and 50 g/ml nalidixic acid.
In vivo luminal killing. After anesthesia, a midline laparotomy incision was made. The intestine was occluded with a vascular clip 1 cm proximal to the ileocecal junction and 3 cm proximal to this point. Care was taken to avoid disrupting the mesenteric vascular arcades. The length of intestine between the two clips was injected with 250 l PBS containing 1,000 L. monocytogenes. After 2 h, mice were killed by exposure to carbon dioxide and the luminal fl uid of the isolated segment was harvested and plated on BHI plates. For bioluminescence imaging 2.5 ϫ 10 5 luminescent L. monocytogenes were injected into ileal loops. Bioluminescence imaging was performed using an IVIS Imaging System (Xenogen) per instruction of the manufacturer. Mice were kept anaesthetized and bioluminescence was recorded for 5 min at a pixel binning of 10; 30 min, and 2 h after injection of luminescent L. monocytogenes . For RegIII ␥ blocking experiments, 250 l of a 1:10 dilution of RegIII ␥ polyclonal antiserum or preimmune serum in PBS was injected into ileal loops of MyD88 ϩ/ϩ or MyD88 Ϫ / Ϫ mice. After 20 min, 250 l PBS containing 1,000 L. monocytogenes was injected. Alternatively, an inoculum of 10,000 or 20,000 L. monocytogenes was used. Because of the higher inoculum (20,000 L. monocytogenes ), polyclonal antiserum was diluted 1:4 in PBS. For reconstitution experiments, 250 l MES-Buff er (25 mM pH 6, 25 mM NaCl) containing 20 M purifi ed recombinant RegIII ␥ was injected before adding 1,000 L. monocytogenes in 100 l MES-Buffer into the ileal loop. RegIII ␥ was purifi ed as previously described ( 33 ) . As a control, purifi ed ␤ 2microglobulin was substituted for RegIII ␥ . After 2 h, the animals were killed by exposure to carbon dioxide immediately before harvesting the isolated section of the small intestine.
Statistical analysis. Statistical analysis was performed on Prism software with the unpaired Student ' s t test. All P-values Յ 0.05 were considered signifi cant. *, P Յ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.0001. Error bars denote the SDs.
Online supplemental material. Fig. S1 A shows CFUs in the colonic wall of MyD88 ϩ/ϩ and MyD88 Ϫ / Ϫ mice 12 h after oral infection with 10 9
